We discuss a novel approach to measure the electron phase-relaxation length and femtosecond lifetimes at surfaces. It relies on the study of the spatial decay of quantum interference patterns in the local density of states (LDOS) with the STM. The method has been applied to s-p derived surface-state electrons on Cu(111) and Ag(111). The characteristic decay length of the LDOS oscillations is influenced by the finite lifetime, and thus reveals information about inelastic scattering in the two-dimensional (2D) electron gas. After an introduction in Section 1, we present a model describing the decay of Friedel oscillations off from straight steps in Section 2. Energy dependent lifetime measurements of hot electrons are presented in Section 3 and interpreted in terms of electron-electron scattering. The temperature dependent lifetime measurements of low-energy quasiparticles discussed in Section 4 give insight into the interaction of these 2D electrons with phonons. Our results on inelastic lifetimes are discussed in comparison with high-resolution angle-resolved photoemission and femtosecond two-photon photoemission measurements.
Introduction
or equivalently the lifetime t of the quasiparticle , f is of particular interest, since it governs the dynamics of charge transfer and electronic excitations in The phase-relaxation length L , i.e. the distance a f surface chemistry [2] . Also, a sufficiently long L is f quasiparticle can propagate without loosing its phase a prerequisite for the standing waves to appear. memory, is a key quantity in solid state physics.
Collisions of an electron with static scatterers, i.e. Quantum mechanical interference phenomena can scatterers with no internal degree of freedom, do not only prevail if L is larger than any other relevant interaction. To familiarize with the order of magshows the calculated lifetimes for bulk Cu. The e-ph nitude of typical lifetimes in metals, we discuss in scattering rate is independent of energy as long as this introduction the e-e and e-ph scattering rates of E 2 E . "v (dashed line in Fig. 1(a) ). It is clear F D a quasiparticle of energy E 2 E with respect to the from Fig. 1 (a) that e-e scattering dominates e-ph F Fermi sea in simple models. Fermi liquid theory scattering at low temperatures and large excess (FLT) for a 3D free electron gas predicts the energies (*0.5 eV), whereas at energies very close following energy dependence of the e-e lifetime at to the Fermi level inelastic scattering is dominated 3 T 5 0 K (E 2 E < E ) [3, 4] : by e-ph processes at all temperatures of interest . In particular, the excess energy and temperature
OE oe
p 3p ne dependence of L in GaAs /AlGaAs heterostructures f where n is the density of the electron gas and E the 0 has been measured by Yacoby et al. [11] and Murphy width of the band. e-e processes at low excitation et al. [12] , respectively, where the main contribution energies are dominated by electron-hole pair creato L could be attributed to electron-electron (e-e) f tion, and the inverse quadratic excess energy depenscattering, in striking agreement with Fermi liquid dence basically relies on a phase space argument, i.e.
theory for a 2D electron gas (2DEG) [13, 14] . the larger the initial excess energy E 2 E the more F Another access to electron and hole lifetimes (and final states with an additional electron-hole pair are hence to L ) has become possible through electron f accessible [5] . In FLT the temperature dependence of spectroscopic methods on single-crystal metal surt for electrons at E is given by e -e F faces [15, 16] . In particular the photohole lifetimes of noble-metal surface states have been investigated
with high-resolution angle-resolved photoemission
S D
e -e 0 pk T B (ARPES), revealing Lorentzian line shapes [7, 10, 15 The e-ph scattering rate can be estimated within a 18], whose full peak widths at half maximum Debye model [6, 7] :
(FWHM) G give access to the lifetime via G 5 "/t . ARPES [7, 10] , the assignment of ARPES-linewidths t (E, T ) e -ph 0 to true quasiparticle lifetimes is complicated by non-2 v9 lifetime effects [19, 20] , e.g. due to impurities, and ] ?
(1 2 f(E 2 "v9, T )
hence the absolute values of ARPES-lifetimes have v D to be considered as lower limits [7] . Furthermore, 1 b("v9, T ) 1 f(E 1 "v9, T )). Eq. (3) has to be calculated numerically. Fig. 1 3 The above estimates were derived for free-like (sp) electrons and generally do not apply to d-electrons. The lifetime of Cu delectrons at the top of the d-band (E 5 2 2 eV) is comparatively 2 Remember that energies are always with respect to E . long [8, 9] and e-ph scattering can be important [10] . (1) and (2)) and a Debye model (Eq. (3)), respectively, for Cu parameters: t 5 0.46 fs, E 5 7 eV, v 5 27 meV, l 5 0.15 [5, 6] . clarified why different groups report lifetimes which scatterer the onset is indeed infinitely sharp due to vary by up to a factor of 4 for the very same system the absence of inelastic processes. But close to the [23, 27] .
step edge the onset is substantially broadened beIn the field of STM many authors have qualicause of interference effects. Note that in our case of tatively discussed a possible contribution of quasir 5 1 there is no contribution from the surface state particle and electron-phonon interactions to the at x 5 0, due to the fact that all surface-state wave damping of interference patterns and to spectroscopic functions have to vanish at the (hard wall) step edge linewidth [29] [30] [31] [32] [33] [34] [35] . Especially, Crampin and Bryant location. The reduction of the LDOS at and close to emphasized the importance of quasiparticle interacscattering centers [29, 38, 39] is thus imposed by the tions to interpret the spectroscopic linewidth of potential of the scatterer and can be understood in confined electrons in quantum corrals [36] . However, the framework of the simplest model. it was only recently that Li et al. used STM to In this contribution we present a new approach to determine the lifetime of excited holes at the band measure lifetimes of surface-state and surface-resoedge of the Ag(111) surface state quantitatively nance electrons locally with an STM. (The term [37, 38] axis is chosen perpendicular to the step edge, i.e. x denotes the distance from the step (Fig. 3(b) ). Since we do not know anything about the step potential 2. Model and to stay as general as possible, we model the step edge as a plane wave reflector with a coherent In the following we present a model that gives a reflection amplitude r(k ) and a reflection phaseshift x quantitative description of the decay of LDOS w(k ), which both may depend on the energy which x oscillations away from straight steps. We will first is in the electron motion perpendicular to the step. derive and test the model in the absence of inelastic For coherent (elastic) processes the electron energy is scattering on the terrace (L 5`), we then include conserved and since the straight step problem is f inelastic scattering events and quantify the additional invariant under translations along y, k is conserved
damping giving access to L (E, T ).
during the process, i.e. k 5 k . From energy and
The Friedel-type oscillations in the LDOS at a parallel momentum conservation it directly follows 9 straight step edge ( Fig. 3(a) ) are readily calculated in that k 5 2 k . Thus the incoming plane wave
the following model. Let us consider a free noninteracting 2D electron gas with the dispersion being 4 We neglect the discrete nature of the translation symmetry and parabolic and isotropic in the center of the surface The LDOS at the step edge is then readily calculated wave function has the form from Eq. (7):
not only reflected at the step edge but may be 1 1 r(k ) cos(2k x 1 w(k )) 2
transmitted into the surface states on the adjacent
terrace (with probability t (k )) or, since the 2D x (9) electron gas may be coupled to the bulk electrons at the step edge, they may be absorbed at the step (with 2 Here L is the DOS of a free electron gas, i.e. independent of k [41] . Furthermore, numerical
x will reason later on that this does not change the final integration of Eq. (9) showed, that the results for an result for the LDOS at the step. Particle conservation 2 2 2 arbitrary w(k ) distinguishes itself from the result for [40,41] one finds probabilities for absorption and emission. We further assume that the probability distribution for emission
is the very same as for absorption, implying in this 2 2 where J is the Bessel function of order zero. The case a (k ) 5 e (k ) (also this does not alter the final ]
all k values from 0 up to k contribute to the LDOS
oe E x at fixed energy E. A decay of the interference 2 patterns in Fig. 3 is clearly seen. But it is not a priori a (k ) and e (k ).
Starting from r in Eq. (10) the tunnel current step Here the factor 2 comes from the assumed spin 2 2 5 degeneracy and we have used
An intrinsic decay of the LDOS oscillations is absent in 1D, but
r (k ). k is given by even more pronounced in 3D. 
ere J is the first order Bessel function. We have
t assumed that the step reflection amplitude r is the same for all k wave vectors contributing to where Eq. (10) shows that the Adawi approximation in Eq. scans, by (15) is very accurate. By inverting Eq. (15) the
I,V I ,V constant-current tip-sample distance at a step edge is obtained: Here t(x, y) characterizes the topography of the 2 surface, i.e., a virtual plane passing through the
S ] surface atomic nuclei. In expression (11) for the
2W tunneling current, r (E,x,y) has to be replaced by the
We assume a constant tip DOS in the narrow energy
3p /4), s(x) asymptotically falls off like 1 /x at zero temperature, i.e. faster than the corresponding
LDOS. This is due to the wave vector spread in the
ntegral over the LDOS. It is seen in Eq. (15) that the Following Adawi [44] the temperature effect due to amplitude of the oscillations scales with k /eV, eV the broadening of the Fermi function in the integmeaning that the higher the tunneling bias, the rands of Eq. (13) can be approximated by performsmaller is the amplitude of the interference patterns. ing the integration at T 5 0 K and by multiplying the Furthermore, the wave vector spread leads to a oscillating parts of the resulting functions with j / damping of the interference patterns which is more k E sinhj , where pronounced for larger bias values (see Section 3).
Altogether, the effect of the LDOS oscillations on k T
s(x)u is more pronounced at low bias values and is
almost not visible at higher biases, where the wave and the energy E for the evaluation of k has to be vector spread washes out the interference effects in At 10 mV the amplitude of the oscillations are almost a factor of 10 larger than at 100 mV, confirming that the wave vector spread washes out the coherence effects. So far we included only possible loss of coherence during scattering at the step edge itself (via r(k )) in E our model for the LDOS at step edges (Eq. (9)), but completely disregarded inelastic processes on the terrace. The latter processes include e-e and e-ph scattering. Not including them in the model was justified, since the measurements in Fig. 4 have been performed at low temperature and low energies (E 2 E , 0.5 eV), where L and L are much larger has been estimated from dI /dV data on a clean electron starting at distance x from the step will terrace [45] . Furthermore, by ramping z and measuring the tunneling current I we have determined the ] apparent barrier height W 5 (3.160.1) eV for Ag(111) [45] . Except from the reflection amplitudes r and r for the descending and ascending side come back to this distance with a probability that is reflects the lifetime of surface-state electrons on an independent of x. Thus, inelastic processes at steps ideal surface free of any defects. lead to an overall reduction of the LDOS oscillation Theoretical lifetimes usually refer to one single amplitude, but not to damping (Eq. (10)). If we take quasiparticle added to the Fermi sphere (ground inelastic processes on the terrace into account, then state) [3] . Photoelectron spectroscopic methods are the electron may be scattered out of its state into far from this idealized situation since many quasianother quantum state (q , q ) somewhere on its way particles are usually excited with the photon (elec-
from distance x to the step or from the step to tron) pulse, leading to a highly non-equilibrium distance x again. Since this is an inelastic process, quasiparticle distribution. STM, on the contrary, the energy of state (q , q ) is different from the comes close to the theoretical scenario. To illustrate x y energy of (k , k ), e.g. the process involves absorpthis statement let us use the picture put forward by x y tion or emission of a phonon. If we assume that the Heller et al. [47] : at positive bias voltages (similar system is homogeneous, then an inelastic process arguments can be made for negative bias) electrons occurs with a constant probability d, /L per length tunnel from the tip to the sample surface. On the f unit d,, i.e. the probability that the electron is in the sample this electron wave travels away from the tip.
2, / L f same quantum state after a distance , is e . The If it encounters scattering centers like steps or distance an electron wave packet in state ( 2 k , k ) impurities, it may be scattered and return to the tip,
has to travel starting from distance x, going to the where it will interfere constructively or destructively step and then back to distance x, where it can with the amplitude leaving the tip. The electron can interfere with the incoming ( 2 k , k ), is given by be injected at a well defined energy eV above the processes, the LDOS of the 2D electron gas at a step tunneling currents of 1 nA an electron is injected edge in Eq. (9) To learn about e-e interaction of s-p derived
surface-state electrons on noble metals we have studied the decay of quantum interference patterns at As seen in Eq. (18) inelastic processes on the terrace step edges as a function of the quasiparticle excess lead to an additional damping of the LDOS interferenergy (Fig. 1) . With a simple model we have been ence patterns. By quantitatively studying the decay able to extract L (E) from dI /dV scans acquired f of these interference patterns at straight step edges under closed feedback loop conditions at step edges with STM, one can investigate inelastic processes for the Shockley type surface states on Ag(111) and like e-e and e-ph scattering. We emphasize that L Cu(111).
f as defined here (and elsewhere [46] ) does not Fig. 6 shows a constant-current image of a account for coherence loss at scattering centers Cu(111) step edge at V 5 1.4 V in (a) and the closed themselves. Hence, our measured lifetime directly feedback dI /dV image taken simultaneously in (b). centers. In order to evaluate the decay of the standing waves at straight step edges as shown in Fig. 6 the dI /dV images have been slightly rotated to the lateral position on the sample and s the distance align the step edge vertically, and then we have between tip and sample measured from a virtual averaged the dI /dV data over several line scans.
plane passing through the uppermost atoms. r is the (18) and (20) we DV have calculated dI /dV numerically, using the con-] (22) to fit our data we take fully so we simulate the dI /dV imaging mode under account of modulation and temperature effects. The closed feedback loop conditions. The result of such a bias modulation actually leads to an apparent decay calculation is depicted in Fig. 7 (b) (dots) and comin dI /dV beyond the one present in the LDOS pared with the result obtained by setting the transpattern. The decay length L of this additional DV mission factor 7 constant (full line). From plots as dI /dV decay is of the order of shown in Fig. 7(b) it is clear that the energy and gap width dependence of the transmission factor of Eq. 
DV * m e DV oscillations in dI /dV at steps nor does it change the oscillation period and phase (at least not in the bias (The energy spread of e DV leads to a corresponding regime of 0.3 V2 3.5 V). For the sake of a faster fit wave vector spread Dk which then leads to a decay procedure we thus can safely set the transmission on a length scale of 1 /Dk). L can be considerable DV factor 7 5 const, which is an excellent approxiin our experiments and it is therefore of great mation for x . p/k and 0.3 V ,V , 3.5 V. Under importance that we account for this effect with Eq. E these circumstances the integral in Eq. (19) with (22 tained with different tips, at different step edges and different fit ranges. The fit range and bias modulation dependence of our t data is minor, which confirms f the validity of our model. The error bars are due to a slight tip dependence of our measurement and a 5% induced electric field or tip-surface interactions, does uncertainty in the STM piezo calibration. Actually, not influence the measured decay lengths. the absolute values of the lifetimes have been found
Note that with our technique we avoid depopulato depend slightly on the tip, whereas the energy tion and cascade effects present in 2PPE and we dependence of t is unaffected. This might be probe only one excited electron at a time. Since f explained by the fact that tips are not radially electron-phonon lifetimes (typically 70 fs at 5 K) symmetric and thus may collect surface-state elecare essentially independent of the quasiparticle trons having different in-plane incidence angles a 5 energy for the energies of interest and exceed our arccos(k /k ) with different probabilities. Thus, the measured lifetimes considerably (Fig. 1) , we attri-
integrand in Eq. (17) would have to be multiplied bute the inelastic quasiparticle scattering rate t to
with a probability function f(k /k ). It turns out that e-e interaction, e.g. electron-hole pair creation
x eV a monotonically increasing (decreasing) f(k /k ) Although surface-state electrons are bound to two
x eV leads to a slower (faster) decay of r . We point out dimensions they coexist with the underlying bulk step that the absence of an influence of the tunneling electrons, and this opens up fully 3D decay channels, impedance on our measurement has been carefully e.g. the e-e interaction is not restricted to the 2D checked by measuring L at fixed bias and a f stabilizing current that has been varied by two orders 7 of magnitude around the usual values. Thus, we
The energies of interest are well below the threshold for plasmon believe that the presence of the tip, i.e. the tip creation in Ag and Cu [53, 54] . electron gas itself but may have contributions from standing wave patterns at structural defects on and the bulk electrons. Surface-state electrons are effibelow surfaces [57, 58] . ciently screened by underlying bulk electrons, and one therefore expects that bulk electrons contribute to the e-e interaction of hot s-p surface-state 4. Electron-phonon interaction quasiparticles with the Fermi sphere. As can be seen in Fig. 8 our results Fig. 8 ). Our surface-state lifetimes in Fig. damping has been discussed earlier [30,33], we 8 are slightly (but significantly) smaller than the consider this Section valuable since it is more lifetimes predicted in FLT for corresponding bulk quantitative than the earlier studies. In particular, we electrons. Comparison of our data with more realistic have performed these quantitative temperature demodels including the real band structure and expendent decay studies to learn about electronchange [55] , which, for noble metals, predict larger 8 phonon processes in noble-metal surface states, lifetimes than FLT , leads to an even larger deviation which dominate the electron decay rate at low of our data from theory. In addition, recent 2PPE excitation energy (Fig. 1) . experiments confirm this trend towards larger bulk Our investigation of the temperature induced electron lifetimes for Cu(111) (See filled and open spatial damping of standing waves is mostly based squares in the inset of Fig. 8 . Note that these 2PPE on constant-current line scans z(x)u taken perpendata are depopulation lifetimes whereas we measure I,V dicularly to straight steps at low bias voltages. Such dephasing lifetimes. Depopulation and decoherence topographic data in the vicinity of a step are reprelifetimes could be discerned in interferometric 2PPE sented in Fig. 4 . Although they are less directly [8] ). Therefore, we can state that s-p surface-state related to the LDOS than dI /dV-profiles used to electron lifetimes on noble metals are reduced with investigate e-e interaction in Section 3 (e.g. Fig. 7 ), respect to bulk electron lifetimes. Calculations perhigher resolution can generally be obtained in topogformed by Echenique et al. confirm our results [56] . raphic data. Since e-ph damping involves much Further theoretical modeling will be helpful to larger L values compared to e-e damping of interpret our results in detail. Especially, the deviaf electrons at large bias voltages V . 1 V (Fig. 1) , we tions of the t data of Ag(111) above 2 eV from the f need a better resolution here than the resolution that quadratic behavior of FLT should be related to the was necessary to learn about e-e processes in real band structure including d bands.
Section 3. Experimental results presented in this To conclude this section, we would like to emphaSection have been obtained by averaging over seversize the possibility of studying also bulk quasial line scans which were recorded on the same particle lifetimes with STM, much in the way surface spot, i.e. without y-displacement of the tip described here, since bulk electrons create as well while scanning in x-direction. Note the resolution of 1 / 1000 A of such z(x)-data ( Fig. 4(b) ). To interpret our constant-current line scans we include inelastic scattering processes in the formalism leading to Eq. (16). Introducing r (E, x) from ing expression for the constant-current tip-sample distance at a straight step edge in presence of lengths is shortest and dominates the decay. Since inelastic processes:
we are interested in e-ph processes we would like to extract L from our data, and therefore we aim to
L and L , L is temperature independent and by
oe" measuring at very low bias voltages L is virtually V infinite and thus constitutes no major obstacle. The j j
decrease with increasing temperature and L will f (24) dominate the damping only if e-ph coupling is strong enough, e.g. in the simple Debye model l * By using Eq. (13) as starting point, we neglected the Fig. 4(a) . The dominant damping is (19) with r (E, x) from Eq. (18) plitudes determined in independent experiments [41] . j¯2.7, this defines (see Eq. (14) Ag(111) step show too few oscillations for a significant fit procedure ( Fig. 9(a) ). However, since L FD k (Eq. (25) in that quantity does not lead to broadening, and the theoretical predictions. This deficiency of PES is linewidth G gives direct access to the lifetime well known; it could be attributed to broadening by broadening of the initial state [16] . The currently scattering at substrate imperfections [10, 20, 61] . In agreement with this interpretation, Li et al. report in a recent STS study on Ag(111) an unprecedented small G value from local measurements on surface areas that were bare of defects [37] . We compare inverse lifetimes derived from STS and ARPES with our measurements of the decay of standing waves in Fig. 11 . For the sake of comparison we converted all quantities in L 5 v t 5 t (E )¯160 A [37] . It is evident from Fig. 11 F f G that this result gives too large decay rates as compared to our Ag(111) data taken at E and 4.9 K. F ] The shorter lifetime observed at G is probably partly due to the fact that the electron-phonon linewidth ] levels off at low temperature at the G point [7] , and partly due to e-e interaction, which of course is ] enhanced at the G point as compared to E . It is also 
meV, which should be very difficult to resolve in [7, 10] . This assignment is supported by differAg f F servative upper limit for the electron-phonon mass ences of up to 10 meV in the linewidth 'offset' enhancement factor is in agreement with the bulk between different research groups, whereas there is value of l 5 0.1360.04 given by Grimwall [6] .
good agreement on dG /dT [7, 10] . widths between E and E of DG 5 8 meV15 meV5
for Cu(111), still contain phonon excitation at 0 K G F 13 meV (values inferred from the Debye model in and electron-electron interactions. Eq. (3) for l 5 0.14 and from Eq. (1)), we estimate
The alternative approach to look at STS peak the resulting ARPES linewidth at E to be about widths eliminates the defect problem, however, the Fig. 11 shows that this coherence length modeling. We note that our STS peak widths [45] are again is considerably too short compared to the comparable to the ones reported by Li et al. [37] , observed decay length of the standing waves. Our hence we would infer similar estimates on t from 14 measured with ARPES [7, 10] . scattering and therefore provide a more direct access One evident reason why we measure much larger to l. coherence lengths than can possibly be obtained with
To conclude, we point out that in contrast to photoelectron spectroscopy is that we determine L integral measurements such as photoemission we f locally at terrace stripes perpendicular to steps that measure the phase-relaxation length L locally. This Every integrating technique will be embarrassed by ful method to study e-ph interactions at surfaces. the steps and point defects since surface-state elecSince e-ph interaction in Cu and Ag with mass enhancement parameters of l 5 0.15 and l 5
Cu Ag 0.13 is relatively weak [6] , the technique is embarrassed by the fact that L , L , and therefore we FD e -ph 10 have not been able to determine an absolute value of
In this model we assume that the surface state electrons couple the e-ph interaction strength in these systems, but to phonons in the same way as bulk electrons do. Furthermore, surface phonons are not considered.
only an upper limit. In future studies, by choosing 
